Plasmon induced transparency (PIT) could be realized in metamaterials via interference between different resonance modes. Within the sharp transparency window, the high dispersion of the medium may lead to remarkable slow light phenomena and an enhanced nonlinear effect. However, the transparency mode is normally localized in a narrow frequency band, which thus restricts many of its applications. Here we present the simulation, implementation, and measurement of a broadband PIT metamaterial functioning in the terahertz regime. By integrating four U-shape resonators around a central bar resonator, a broad transparency window across a frequency range greater than 0.40 THz is obtained, with a central resonance frequency located at 1.01 THz. Such PIT metamaterials are promising candidates for designing slow light devices, highly sensitive sensors, and nonlinear elements operating over a broad frequency range.
Introduction
Electromagnetically induced transparency (EIT) is a result of quantum destructive interference between different pathways in a laser-driven atomic system that leads to a sharp transparency window within the absorption spectrum [1, 2] . Apart from its fundamental significance, EIT has attracted great interest due to various promising technological applications, including nonlinear devices, slow light devices, optical switching, pulse delay, and storage for optical information processing [3] [4] [5] [6] [7] [8] . However, applications of EIT are hampered by limited material options and cumbersome experimental conditions, such as high-intensity lasers and cryogenic temperature [9] .
Recently, analogues of the EIT-like behavior or plasmon induced transparency (PIT) in classical systems, such as coupled resonators [10, 11] , electric circuits [12] , and plasmonic structures [13] [14] [15] [16] [17] [18] [19] [20] , have been demonstrated both theoretically and experimentally. Following the appropriate design rules [17, 21, 22] , the pronounced PIT phenomenon could be emulated in metamaterials via destructive interference between different resonance modes. A typical way is to manipulate the coupling between a bright mode and a dark mode, where the bright mode is strongly coupled to the incident electromagnetic field, while the dark mode is not directly coupled to the field. Another method is through proper control of the coupling between the superradiant (low quality factor) and the subradiant (high quality factor) resonators, where both modes can be directly excited to the incident field. The PIT behaviors achieved through these two approaches both result from destructive interference. So far most studies have been carried out to optimize the PIT effect by adapting the analysis mode, coupling, damping, absorption [18, [21] [22] [23] [24] [25] [26] [27] [28] , and active tuning [29, 30] . However, the most critical limitation of the PIT based on metamaterials stems from the desirability of achieving a transparency window over a broad spectral range, where the broadband features will significantly enhance the applications of the PIT effect. Although a previous work suggested a possible broadband slow light device using a 41-layer approach, the design is too complex to implement the fabrication process [31] . In this paper, we propose, fabricate, and characterize a simple metamaterial structure to realize the PIT phenomenon in a broad frequency range. In the proposed structure, we introduce multiple dark resonators to be coupled with a bright resonator, and the strong coupling between the dark resonators and the bright resonator, as well as the interaction of the different dark resonators, thus enables a broad transparency window.
Experimental design and measurement
The designed PIT metamaterial is illustrated in figure 1 . The unit cell is comprised of four identical metallic U-shape resonators (or henceforth a 'U'), a typical structure in the EIT-like or PIT metamaterials [24] [25] [26] , symmetrically placed on both sides of a central metallic bar resonator, as shown in figure 1(a) (called 'B4U' structure). Each U resonator has a width a = 28 µm and a length b = 48 µm, with a linewidth w = 4 µm. The bar resonator has a length l = 86 µm with the same linewidth w = 4 µm. The relevant distances between the U-shape resonators are quantified by D x along the x direction and D y along the y direction, respectively, in the unit cell. The metallic resonators were made from 200 nm thick aluminum and fabricated in a square lattice of periods P x = 114 µm and P y = 134 µm on a 1.4 mm thick quartz substrate (ε Qua = 3.76) by conventional photolithography, as shown in figure 1(b) .
The planar metamaterial samples were characterized by use of 8f confocal broadband (0.1-4.5 THz) terahertz timedomain spectroscopy (THz-TDS) [32, 33] . The amplitude transmission |t(ω)| = |Ẽ S (ω)/Ẽ R (ω)| was measured under normal incidence with the E polarization along the x direction, whereẼ S (ω) andẼ R (ω) are Fourier transformed transmitted electric fields through the samples and reference (a bare quartz substrate), respectively.
Figures 2(a)-(c) show the measured amplitude transmission spectra of the sole bar, sole U and the B4U structures, respectively, where D x and D y are fixed as 26 and 10 µm. It is observed that the bar resonator shows a typical dipolar localized surface plasmons (DLSPs) [34] resonance at 1.01 THz, whereas the U resonator supports an inductive-capacitive (LC) resonance at the same frequency with the perpendicular orientation of the incident electric field. However, the resonance strength and bandwidth of these two types of individual resonators are quite different. The resonance dip of the bar is much deeper than that of the U resonator. These fulfil the PIT design rules [24] [25] [26] and thereby when a single bar resonator and four U resonators are combined into one unit cell to form the B4U structure, a transmission window emerges at 1.01 THz between two resonance dips, as shown in figure 2(c). In this case, since the incident wave is polarized along the x direction, the central bar is strongly coupled to the incident electromagnetic field, but the U resonators, on the other hand, can only be excited by the near-field excitation of the central bar. Thus, the bar resonator and the U resonators serve as the bright and dark modes, respectively. As a consequence, destructive interference between the bright and dark modes leads to the PIT effect. The existence of the four U resonators enables a broad transparency band, extending from 0.81 to 1.21 THz at 3 dB transmission.
The measured data in figures 2(a)-(c) are supported by full-wave numerical simulations using CST Microwave Studio. The unit cell shown in figure 1(a) was reproduced in the simulations with periodic boundary conditions. The quartz substrate was modeled as a lossless dielectric medium with relative permittivity ε Qua = 3.76, while aluminum was simulated with a conductivity of σ Al = 3.72 × 10 7 S m −1 [35] [36] [37] . The simulated electric field distribution of these samples at the resonance frequency 1.01 THz are also shown in figures 2(g)-(i), which testifies the LSP and LC resonances presented by the bar and U resonators, respectively. In the B4U PIT structure, it can be seen clearly that the bright mode is significantly depressed due to the destructive interference, as shown in figure 2(i).
Analysis and discussion
To elucidate the underlying mechanism of the broadband PIT metamaterials, we compare the B4U structure with different PIT-based samples with various numbers and arrangements of the U resonators (unit cell is shown in figure 3(a) ). Figure 3 (b) systematically shows the evolution of the measured amplitude transmission of different samples. It can be seen that the sole bar and the sole U resonators compose a basic unit cell to enable the PIT effect, but only exhibiting a sharp narrow transparency peak. By introducing two U resonators either on one side or both sides of the bar resonator, however, the transparency window is obviously broadened. By increasing the number of U resonators further to four, the bandwidth of the transparency window is dramatically increased with a nearly flat peak. CST simulations of these samples were performed to gain further insight, as shown in figure 3(c) . Note that the experimental data are in good agreement with the simulated spectra. The electric field and magnetic field distributions at the resonance frequency 1.01 THz for all samples are given in figure 4. As mentioned above, in all the proposed designs the bar resonator can be excited directly by the incident electric field, acting as the bright resonator, while the U resonators cannot be excited by the incident field, thus acting as the dark resonator. From figure 4 , it is apparent that the dark U resonators are excited by both the electric field E bar and magnetic field H bar of the bright bar resonator via the destructive interference between them. In the sample with two Us on one side of the central bar, as shown in figure 4(b) , the left and right U resonators are distinctly coupled with each other through an exchanging proportion of electric field energy, where the electric field distributions of the left and right U resonators clearly overlap. In contrast, in the sample with two U resonators on different sides of the central bar, the U resonators interact with each other in a quite different way. As shown in figure 4(g) , the upper and lower U resonators are coupled with each other strongly and exchange a large amount of energy through the magnetic field loops established across them [26] . Consequently, by adding more U resonators, the interaction and coupling via electrical and magnetic excitations between these different dark U resonators thus contribute to the broadband PIT behavior.
We adopt a widely used coupled Lorentz model to reveal the coupling characteristics between the bright and dark modes due to variations of the U resonators. The oscillation of the bright and dark modes can be expressed typically as [17] :
where x 1 , x 2 , γ 1 and γ 2 are the amplitudes and the damping rates of the bright and dark modes, respectively. ω 0 = 2π × 1.01 THz and (ω 0 + δ) are resonance frequencies of the bright and dark modes, respectively. κ is the coupling coefficient between the two modes and q is a geometric parameter indicating the coupling strength of the bright mode with the incident field E. With equation (1), we can obtain the susceptibilityχ e of the PIT metamaterial unit cell by N, δ, κ, γ 1 and γ 2 . Thus, the susceptibility of the PIT metamaterial layer with a thickness d is expressed asχ = χ e /d. Consider the PIT layer as an effective medium with thickness d, around which are air and quartz substrate, respectively. We can use the Fabry-Perot interference transmission equation to obtain:
Simple air-quartz interface transmission can be obtained with Fresnel coefficients:
whereñ PIT = 1 +χ and n Qua = 1.94 are the refractive indices of the PIT metafilm and lossless quartz substrate, respectively. c is the light velocity in vacuum. Since d ∼ 200 nm is very thin compared to the wavelengths of the terahertz waves, the d → 0 limit of the transmission coefficient presented below is adapted to evaluate the measured far-field transmission:
The solid curves in figure 3(d) represent the fitted transmission of different samples using equations (1)- (4), where the fitting parameters are listed in table 1. The overall qualitative agreement between the experimental, simulated and calculated results is quite consistent. It is worth noting that the damping rate γ 1 and detuning of the resonance frequency of the dark mode from the bright mode δ do not change significantly. The damping rate γ 2 remains around 0.15 for samples with two U resonators and four U resonators due to intrinsic metal losses, while the extremely high value about 0.45 for one bar and U substantiates our expectation that asymmetry of this structure causes radiative damping in another polarization direction (the y direction) and enhances energy dissipation. What attracts our attention most is the drastic increase in value from 7.4 to 20.2 for the coupling coefficient κ between the dark and bright modes with increasing number of the U resonators. It indicates specifically that the coupling strength between the bright and dark modes is essentially enhanced with more U resonators, which is also an important factor accounting for the broadband PIT effect.
So far we demonstrate that a broadband PIT mode can be achieved with the proposed metamaterial structure. This can be attributed to the magnetic interaction, which is dominantly contributed to the broadband feature, and these characteristics especially offer a simple solution to modulate the bandwidth of the transparency window in the PIT structure while other geometrical parameters remain unchanged.
Conclusions
We have proposed and demonstrated a novel PIT design with a broadband spectral transparency window by means of single-layer metamaterials consisting of multiple dark resonators. It is found that a broadband flat transparency window can be achieved by integrating the dark resonators, where the interaction and coupling via electrical and magnetic excitations between the dark resonators dominate the broadband features. Further analytical calculations revealed that increasing the number of the resonators meanwhile significantly contributes to the enhancement of coupling between dark and bright modes, which also benefits the broadband PIT resonance. The study further shows that the modulation of the PIT bandwidth could be easily accomplished through adjusting the vertical distance of the dark resonators. The spectrally flat transparency based on the proposed PIT metamaterials is promising in a variety of applications, including nonlinear optics, slow light, filters, and sensing.
